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Experimental studies were

HELICOPTER

Brooks and

ROTOR BLMXS1

John E. Baker

msde to evaluate some of the effects of
parameters such as Wch number, blade single,and structural damping on
the flutter of mdel helicopter rotor blades in the hovering condition.
The model blades had N4CA aO12 and 23018 airfoil sections and each was
tested at chordwise center-of-gravity locations of approximately 27.5
and 37 percent chord. Data were obtained at test-medium densities
ranging from 0.0022 to 0.M)30 slug per cubic foot smd at various pitch
angles up into the stall. Mixtures of air and lkeon-12 were used for
the test medium in order to extend the tip Mach nuniberrange of the
tests to slightly above unity.

Forward movement of the blade chordwise center-of-gravity location
generally raised the flutter speeds at low pitch angles but had no
appreciable effect at high pitch singles. An increase in the structural
dsmping generally raised the flutter speed at high pitch angles. At a
given pitch angle, the flutter occurred at essentially constsnt dynamic
pressure for variations in density. A large beneficial effect of Mach
number was observed near the section critical Mach nmnber and was such
that if flutter did not occur up to a tip Mach nwnber of 0.73, it would
not occur at all. Out of these studies a criterion is tentatively
advanced which indicates design requirements for completely flutter-
free operation of helicopter blades.

The significant flutter data for a large nuniberof tests along
with detailed descriptions of the models sre included in tabular form
to facilitate more detailed analyses of the results presented.

momcmm

The possibility of rotor-blade flutter exists for some helicopters
of current end future types which are designed to operate at high tip

lSupersedes declassified NACA Research Memorandum L531124by George
W. Brooks and JohnE. Baker, 1953.



2 NACA TN 4005

speeds without being completely mass balanced about the blade 1/4 chord
at all spanwise positions (ref. 1). Although the general character-
istics of the flutter of propeller blades aid wings in subsonic com-
pressible flows at pitch angles up to and including the stall region
have been studied by several investigators (e.g., refs. 2 and 3), no
studies of similar nature have been reported in regard to helicopter
blades. Theoretical methods are available which may be used to estimate
the classical flutter speeds of helicopter blades in ticompressible
flows (refs. 4 and 5), but as yet neither theoretical nor experimental
data have been presented for the prediction of the effects of compress-
ibility or blade stall. In consideration of the differences between
helicopter and propeller blades as to rigidity, structural damping,
radius-to-chord ratio, solidity, root fixi.ty,airfoil section, and so
forth, some doubt exists as to the applicability of wing or propeller.
blade flutter data to the prediction of the flutter characteristics of
helicopter blades.

As a part of a general investigation of helicopter flutter, the
present program was initiated in an effort to determine the effects of
various parameters Including Mach number, structural damping, and chord-
wise center-of-gravity location on flutter of model helicopter blades at
zero forward velocity. The models had flapping hinges and plan forms
representative of full-scale helicopter blades.

A portion of this investigation is devoted to the definition of a
stall-flutter criterion for the design of helicopter blades which can
be operated flutter-free throughout the pitch-angle range at all sub-
sonic blade tip Mach numbers. tiasmuch as blade twisting deformations
sffect the blade pitch angle at flutter, and since the subject of blade
twist may be of some general interest, a brief study of blade twist
including the effects of Mach number is included.

SYMBOL5

a slope of lift curve, dcllda

b blade half-chord, ft

c speed of sound in testing medium, ft~sec

cl section lift coefficient

q mean section lift coefficient

EI blade bending stiffness, lb-in.2

GJ blade torsional stiffness, lb-in.2
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structural damping coefficient for

structural damping coefficient for

structural damping coefficient for

blade mass moment of inertia about

3

first elastic bending mode

second ekstic bending mode

first torsion mode

elastic axis, slug-ft2/ft

mass moment of inertia of blade .includingblade.shsnk about

flapping hinge, slug-ft2

mass moment of inertia of blade shank about flapping hinge,

Slug-ftz

blade mass per unit length, slugs/ft

mass of blade shank, slugs

rotational Mach nuniber

dynsmic pressure, lb/sq ft

nondimensional radius of

elastic sxis, ~~b2

rotor radius, ft

section speed, fps

gyration of blade section about

section center-of-gravity location, percent chord

section elastic-axis location, percent chord

angle of attack,

mass constant of

deg

rotor blade, 2b@R4/11

blade mass-density ratio, ~/fipb2

blade pitch angle between chord line and plane of rotation,
deg

measured blade twist, deg
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P density of testing medium, slugs/cu ft

a rotor solidity, 2b/fiR

* flutter frequency, radians/see

(Dh experimental nonrotating
1 flapwise bending mode,

%*
experimental nonrotating
flapwise bending mode,

% experimental nonrotating
mode, radians/see

Subscripts:

o standard atmosphere

0.8R 0.8 rotor

t blade tip

c corrected

radius

for aerodynamic

s initial setting

cr critical value

Notation for test rotor blades:

NACA TN 4005

natural frequency for first elastic
radians/see

natural frequency for second elastic
radians/see

natural frequency for first torsion

—

and dynamic twist

(f) forward chordwise center-of-gravity location

(r) resrward chordwise center-of-gravity location

APPARATUS AND TEST METHODS

The experimental investigations of helicopter-rotor-bladeflutter
reported herein were conducted in the Langley vacuum sphere (ref. 2).
This facility consists of a steel tank in which is mounted a 500 horse-
power electric motor which is used to whirl the rotor assemblies. The
sphere can be evacuated to provide different air densities; or it can
be filled with l&eon-12 gas, or mixtures of air and Freon-12, at various
densities. The combined use of air and Fkeon-lf?provides a means for
studying independently the effects of Mach number and velocity on
flutter.

v

Y
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Blade configyration.- The blades used in the tests were designed to.—
* be geometrically representative of normal helicopter configurations, and

to flutter at speeds which would yield useful data at Mach numbers where
conrpressibi~ty effects might become important over a range of pitch
angles and chordwise center-of-gravity locations. !l?aeblades were of
composite wood construction with a stainless-steel rod (spar) enibedded
In the wood and extending longitudinally along the quarter-chord line.
Three holes extending parallel to the main spar were routed in the
blades, one at each of the following points: 6.25, 50, and 62.5 per-
cent chord, as showm in figure 1. The chordwise center-of-gravityposi-
tionwas vsried by means of selective location of stainless-steel rods
or inserts in these holes. The structural dsmping of the blades was
vszied in some cases by wrapping these reds with cloth.

The blades studied had NACA 23012 sections with chordwise center-
of-grati’@ locations of 27.5 and 37.3 percent chord, and NACA 23018 sec-
tions with chordwise center-of-gratity locations of 28.0 and 36.5 per-
cent chord. The rotor assembly including the blade, blade shank, hub,
and counterweights is shown in figure 2. The blades were tested as one-
blade configurations and the active portion of the blade extended from a
radius of 8 inches to a radius of 46 inches with a flapping hinge located
at a radius of 2.5 inches. No drag hinges were used. The centrifugal
forces were balancedby adjustable counterweights.

-

The blade dimensions, natural frequencies, and other pertinent
flutter parameters sze given in table I. The frequencies were measured

* with the blades mounted on the hub in the test condition, that is, free
to flap. The blades are grouped according to airfoil section, blades 1
to 5 having NACA230U airfoil sections smd blades 6 to 9 having NACA
23018 airfoil sections. During the tests, blade 2 was observed to nave
warped sli@tly, resulting in an upwsrd deflection of the trailing edge.
Mdels 1, 2, 3, and 4 were separate blades. Blade 5 was obtained by
wrapping the rods of blade k with cloth to increase the structural
damping. This also resulted in am increase in torsional stiffness.
~dels 6 and 7were also sepsrate blades. The rods of blade 7were
wrapped with cloth as previously mentioned. This modification resulted
in a blade having two new values of the torsional structural damping
coefficient; one value for Iuw-smplitude vibrations and another for
high-amplitude vibrations. These new configurations sre referred to as
blade 8 and blade 9, respectively. The blade mmibers are accompanied by
the letters (f) and (r) which are used to designate forward and rearward
chordwise center-of-gravi~ locations, respectively.

Tnstrumentatlon and data observations.- Flutter data were obtained
through the use of wire strsin gages cemented to the blades in such a
way as to indicate both torsional and bending deflections, figure 2.
The strain-gage outputs together with a tachometer signal for measuring

= the rotational speed were recorded on oscillograph records such as shown
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in figure 3. The end of the blade was illuminated instantaneously at
a predetermined point in each revolution by means of a strobolight ener- W
gized through a contactor on the motor shsf’t. The image of the blade
tip, thus obtained, was used to measure the pitch angles at the blade
tip by use of a telescope with the eyepiece graduated for angular meas-
urements. The pitch-angle measurements were then used to determine the
mount of blade twist for various test conditions.

Flutter testing procedure.- The blades were operated with the
pitch angle fixed at the blade root. The pitch singlewas changed
between tests to obtain data over a range of pitch angles from about
00 to 300. The operating procedure for each flutter test consisted of
slowly increasing the speed of the test blade until strong flutter was

—

first encountered, at which point an osci~ograph record was taken.
The pitch angle at the blade tip was then measured at a slightly lower
speed (40 ta 80 rpm lower) in order to have the blade in a more stable
condition. The flutter’region was often penetrated, in attempting to
find an upper boundary, until either the flutter became too severe or
the flutter region was traversed. ~ the latter csse, a record was
taken upon reentering the flutter region from the top. —

The effect of Mach number on the flutter characteristicswas studied
by use of various mixtures of Freon-12 gas (sound speed approximately
equal to 500.fps) and air at various densities ranging from 0.0012 to *
0.0030 slug per cubic foot. The blades were initially fluttered in air

—

at various densities after which they were tested in nearly pure
Freon-K? gas. The percentage of Freon-12 was then lowered by steps, E

thus raising the sound swed of the mixture until tie desired range of
sound speed had been covered. Flutter data were obtained at vsrious
densities for each mixture by vsri.ationof the absolute pressure of the
testing medium. As a result of the flutter tests being made in the
aforementioned gaseous mediums over a relatively wide range of veloci-
ties, tip Mach numbers up to 1.1 could be reached, and the Reynolds
number a; the blade tip
about 2,250,000.

for the tests varied from-about 125,000 to

RESULTS AND DISCUSSION

General Considerations

Flutter parameters and reference stations.- The flutter data are
presented as functions of the flutter speed coefficient VP%, a design

parsmeter b~/c, the tip Mach number ~, the density ratio p/po, and

the pitch angle 0. IiIsome instances, the data sre also presented in

terms of combinations of these paramters, for example, (@%)@Z.
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The significance of these parameters in propeller-blade and wing stall

* flutter studies is recognized and discussed in some detail in refer-
ences 2 and 3.

The flutter speed coefficient as well as the blade pitch angles
and pitch-angle settings are referred to the station at 0.8R; however,
the Mach number snd measured blade twist are referred to the blade tip.
These reference stations were chosen because (1) the velocity of the ele-
ment at 0.8 blade radius appears to be more representative for flutter
than the element at O.~ radius which is usually referred to in helic-
opter snalyses, (2) tie tip Mkch nuniberreadfly identifies the I&ch
nuniberat any radial location, and (3) the twist at the tip is the meas-
ured twist.

Uft coefficient.- In order to facilitate the estimation of the
blade loading at flutter, figure 4 shows the mean section lift coef-
ficient as a function of the pitch angle as calculated by means of ref-
erence 6 for an element located at the 0.8 blade radius assuming this
station to be typical. Inasmuch as the lift curves for lUCA23012 and
23018 airfoil sections sre not appreciably different, a Man value of
the slope of the lift curve is assumed and a single mean-value curve of
q plotted against El is presented for the representation of both
blades.

-

Presentation of Flutter Data
i r

The significant parsm.etersfor the blades tested sre given in
table I and discussed in the previous section entitled apparatus and
test methods. The detailed results of the flutter investigation sre
tabulated in table 11, according to blade section, blade nuniber,and
chordwise center-of-gravity location. The general sequence of presen-
tation corresponds closely to the order in which the data were taken.

Some of the general trends determined during the investigation are
discussed in the following paragraphs with the aid of ssmples of data
presented in figures 7 to 16. me presentation of the flutter results
is divided into two parts: the first relating to data taken at Mach
numbers where compressibility effects were found to be insignificant,
and the second relating to the effects of Mach nunibersnd the effects
of various flutter parameters at Mach numbers where compressibility
effects appesred to be important.

liIaddition to the experimental flutter investigation, a limited
study was made to determine blade twist as influenced by dynamic pres-
sure, flutter snd divergence, and Mach number. me results of this
study sre presented in the appendix and in table III and are discussed “

* with the aid of figures 17 to 21.
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Discussion of the Effects of Various Parameters

*

w’
on Flutter at Low Mach Numbers

Blade pitch angle.- The general shapes of the characteristic
flutter curves obtained for propeller blades end wings in essentially
incompressible flows by plotting the flutter speed coefficient as a
function of the blade pitch angle or sngle of attack have been estab-
lishedby the work of several investigators (e.g., refs. 2 and 3).
Figures ~ to 8 of this paper present some experimental results of a
similar nature obtained for some model helicopter blades which show the
characteristic shapes of the flutter curves as well as the effect of
various flutter parameters.

The flutter data for a typical blade are shown in figure 5 where
both the flutter speed coefficient and the ratio of the flutter fre-
quency to blade first natural torsional frequency are plotted as a
function of blade pitch angle. The curve of flutter speed coefficient,
or flutter curve, separates the stable and unstable regions; the unsta-
ble region being above the flutter curve. As the blade pitch angle is
increased, the flutter speed coefficient drops slightly at first and
then rapidly as the blade apparently begins to stall. As the pitch
angle is further increased, the flutter speed coefficient decreases
until some minimum value is reached. Further increases in pitch angle r
result in a rather shsrp rise in the flutter sp@ed coefficient, possibly
due to a resrward shift in center of pressure arising from blade stall.
The curve of frequency ratio shows that a reduction in the value of the ●

P

flutter speed coefficient is accompanied by sn increase in flutter
frequency.

The upper portion of the flutter curve, corresponding to low pitch
angles, defines the region of classical flutter whereas the lower
portion of the curve defines the region of stall flutter. Classical
flutter usually involves a coupling of blade motion in at least two
degrees of freedom. Since flutter occurs in the mode representing
minimum potential, the significant modes for conventional helicopter
blades are probably blade torsion and flapping. As shown by the
frequency-ratio curve of figure 5, the classical flutter occurs at a
frequency considerably lower than the first torsion natural frequency.
Stall flutter on the other hand is a predominantly torsional oscilla-
tion, the frequency of which is shownby figure 5 to be very nearly
equal to the first torsional natural frequency. Some flutter of the
wake-excited ty_pe__(seeref. 7) was also obtained. This flutter occurred
at pitch-angle settings near 0°, at speeds of the order of @ Percent
of the classical flutter speed, and at frequncy ratios of the order
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Now that the characteristic shape of the flutter curve for a typi-
cal.blade is established, the following paragraphs along with figures 6
to 9 will be devoted to an analysis of the effects of various flutter
parameters. The absence of data at low pitch angles is due to the fact
that the blades were designed so that the flutter speeds at high pitch
angles would be sufficiently high to permit the evaluation of Mach num-
ber effects when the blades were tested in mixtures of air and Freon-12.
Consequently, at low pitch singles,where the flutter speed is appreci-
ably higher, the msximum operating speed was limited by centrifugal
stresses rather than flutter. ●

C!hordwisecenter-of-gravity location.- The effect of chordwise center-
of-gravity location on the flutter speed coefficient as a function of
blade pitch angle is shown in figure 6 for blades hating both NACA 23012
and NACA 23018 airfoil sections. In each case, a rearward shift in
chordwise center-of-gravity location lowers the flutter speed coefficient
appreciably at the lower pitch an~es but has little effect on the mini-
mum values obtained at high pitch angles in the stall region; a similar
effect was also obtained for some additional mdel tests wherein the
chordwise center-of-~avity location was moved forward as far as 22.5 per-
cent chord. This result is apparently at varisnce with the results of a
similar investigation of ~ropel.lerblades reported in reference 2 which
showed the value of the minimum flutter speed coefficient to be very
much a function of the cF.ordwisecenter-of-gravity location. The rela-
tion of this difference in behavior to specific differences in propeller
and helicopter blade stall characteristics is not clear at present.

Airfoil section.- Ihming the investigation, it was observed that one
of the blades had warped slightly, and this warping resulted in a slight
upward deflection or reflection of the trailing edge. The curve of flut-
ter speed coefficient as a function of blade pitch angle for this blade
is presented with a similar curve for a blade without reflex trailing
edge in figure 7. A comparison of the respective curves shows that, at
pitch angles in the region of transition between classical and stall
flutter, the flutter speed coefficient is considerably less for the bla&
having the reflex trailing edge than for the blade without the reflex
trailing edge. The difference between the curves decreases, however, as
the pitch angle increases and becomes nonexistent at stall. The earlier
transition from classical flutter to stall flutter for the warped--blade
may be caused by the negative csmber due to the warping. The data in
reference 8 show that blades hating less camber have lower flutter bound-
aries at pitch angles lower than the stall.

A comparison of the data presented in figures 8(a) and 8(b) shows
that, at pitch angles of the order of 14°, the discrepancies between
the flutter curves of the blades having different airfoil sections are
small. As the pitch angle is increased, the flutter speed coefficients,
for blades having similar torsional structural dsmping coefficients but
different airfoil thickness, sre considerably different. This appears
to be due to the relative indifference of the minimum flutter speed
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coefficient for the 18-percent-thickblades to variations in structural
damping in the range of ~ = 0.06.

Structural damping.- !l%emost pronounced effect of structural
damping at low Wch numbers occurred at blade pitch angles in the stall
region. Figure 8(a] shows that, for blades having NACA 230U? airfoil
sections, the minimum flutter speed coefficie@ is increaqed appreciably
by raising the torsional structural damping coefficient from ~ = 0.04.9

to 0.067. A variation in damping over a similar range (~ = 0.0’34 to

0.069), as shown in figure 8(h), did not appreciably affect the minimum

flutter spsed coefficient of the blades having NACA 23018 airfoil sec-
tions. However, when the structural damping coefficient for the NACA
23018 airfoil section was approximately tripled, a significant rise in
the minimum flutter speed coefficient was obtained.

In addition to the effect of structural damping on the magnitude of
the minimum flutter speed coefficient, it was observed that the flutter
which occurred on the blades having high torsional structural damping
coefficients was usually more violent than the flutter of the blades
having low structural damping coefficients. __~is effect was more pro-
nounced at the pitch-angle setting corresponding to the minimum flutter
speed coefficient, and may be due to the coupled effects of nonlineari-
ties in the structural and aerodynamic properties of the blades while
operating in the flutter region.

Density.- Althou@ the discussion presented in the previous sec-
tions was limited to data obtained at atmospheric density, data were
also obtained at densities rsnging from approximately 0.0012 to
0.0030 slug per cubic foot. Inasmch as the,flutter speeds obtained
during the tests were found to be a function of the density, the ques-
tion arose as to the most convenient method of presenting the data for
different densities. An empirical expression for the classical flutter
speed of awing is given in reference 9 which.shows the flutter speed
to be inversely proportional to the sqyare root of the density of the
testing medium for wings having small values.~f the bending-to-torsion -
frequency ratio and values of l/K >10. Since the values of these
parameters for the blades tested were weU within the limits given in
reference 9, there was reason to expect thatl at low pitch angles in
the region of classical flutter, the blades would flutter at constant
dynamic pressure at a given pitch angle. Th@ proved to be the case
not only at low pitch angles but at high pitch angles as well. This is_-
shown by the semrplesof data presented in figyre 9 where the flutter
speed coefficient is plotted as a function of the density ratio for
medium and high pitch angles. Tmasmuch as the straight lines through

the data points show that VO.8R/b~ = cl~’~ then by simple manipu-

lation it can be shown that & V2@ = C2, where Cl and C2 are constants

Y
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which depend on the slope of the straight line and consequently are
functions of the blade.pitch-amgle setting. The high pitch-angle
setting is near the stall angle, and the flow is probably of a non-
potential nature at least during a portion of the flutter cycle.

The fact that the flutter at high pitch angles occurred at con-
stant dynamic pressure rather than constant velocity is at vsrisnce
with most of the experimental results previously obtained for wings
and propellers, references 2 and 3. This difference may be due to the
fact that the structural.damping is much greater in the present case
than for previous tests, or it might be due to aerodynsadc differences
associated with the different airfoil sections. The @ytiC~ and
experimental investigation of reference 3 indicates that when the struc-
tural damping is very low, the minimum value of the flutter speed coef-
ficient is essentially independent of density and the flutter will
depend on the aerodynamic damping of torsional oscillations. The aero-
dynamic dsmping coefficients are shown in reference 3 to be a function
of velocity and chordwise location of the torsional axis of rotation and
independent of density. If, for a given axis of rotation, a region of
negative damping exists, then the flutter velocity is equal to the
velocity at which the aerodynamic damping &comes negative. Eowever, if
the structural damping is substantial, as is generally the case for
helicopter blades, then the mimhum flutter speed is shown in reference 3
to increase as the function &(ra2/K) increases. If ~(ra2/K) be

‘mitten in the equivalent form ~(~scpb4.), then the mintium flutter

speed is shown to increase as the density decreases, a condition which is
borne out by the results of the present investigation. Whether a similar
effect would be obtained by vsx’yhg the mass moment of inertia I& at

cmstant density is uncertain since no tests of this nature were made.

DiscussIon of the Effects of Various Parameters

on Flutter at High Tip Mach l?uni%ers

The fact that the flutter at a given pitch sngle occurred at con-
stsnt dynamic pressure, as previously discussed, greatly simplifies
the presentation of the data at higher Mach numbers. It effectively
means that these data, taken at various densities smd Mach numbers, can
be represented by single curves for the different pitch-angle settings.
The data presented in figure 10 for three rsnges of density ratio show
that the flutter boundaries obtained by plotting the flutter speed
coefficient as a function of tip Mach number for various pitch-angle
settings are not altered appreciably by changes in density when the
flutter speed coefficient is modified by the square root of the density
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ratio. This simplification is eqloyed in subsequent discussion where
the data taken at vnious densities are plotted in terms of the modified

flutter speed coefficient
(vo.8#%)d%”

Samples of the -experinwmtaldata showing
ber on the modified flutter speed coefficient
angles sre shown in figures 11 and I-2. These

the effects of Mach num-
at various blade pitch
data are replotted in

another form in figures 13 to 16 for use in establishing a design cri-
terion. me operating line shown in figure n(a) represents the line
along which a given helicopter blade operates as the rotor speed is
varied in a medium having a co~tant speed of sound. The slope of the
operating line is inversely proportional to b% and directly propor-

tional to the sound speed. Variation of any of these factors will
result in an operating line having a different slope.

?

—

Blade pitch smgle.- The trends of flutter speed coefficient with
blade pitch angle at the lower Mach numbers as shown in figures 11
and E sre the ssme as those presented in figures 5 to 8. As the Mach
numiberis increased, for each pitch-angle setting lower than the angles
for minimum flutter speed coefficients, a reduction is noted in the
flutter speed coefficient until some Mach number of the order of magni-
tude of the tip-section critical Wch number is reached. Further

1 increases in Wch number result in a rapid rise in the flutter s~ed *
coefficient.

Although the decrease in the flutter speed coefficient is in the P

direction associated with compressibili~ effects, blade twist srising
from aerodynamic forces and centrifugal.body forces msy be acontrib-
uting factor. The data are not sufficient to permit a generalization
at this time as to the magnitude or direction of twist effects. Eow-
ever, some effects of Mach number on blade twist are discussed in the
appendix. The tendency for a reduction in flutter speed coefficient
with increasing Mach number diminishes and essentially disappears at a
pitch angle a~roximately equal to the angle for minimum flutter speed
coefficient. !I!hemagnitude of the reduction in flutter speed coefficient
with increasing Mach nuuiberappears b vary somewhat from blade to blade.
This is shown by a comparison of figures n(a) and Ii(b) where similar
data me presented for blades number 2(r) snd 3(r), respectively. The
primary difference between the blades is the structural damping coef-
ficient for torsion (see table I); the damping coefficient of blade 3(r)
being about U that of blade 2(r).

The turnback of the flutter curves for the vsrious pitch-angle
settings represents a beneficial Mach numibereffect which is very simi-
lar to that exhibited by propellers (ref. 2]. !DIisbeneficial effect is
possibly due to a resrward shift of the center of pressure. An envelope
flutter boundary can be drawn which separates the flutter regions for all
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pitch-amgle settings from the flutter-free or stable
by the crosshatched curves of figures U and 12.

13

regions as shown

Airfoil thickness.- A comparison of figures U(a) and ~(a) shows
that the minimum flutter speed coefficient of the envelope flutter
boundsry for the 12-percent-thickblade fs somewhat higher than that
for the 18-percent-thick blade. I!naddition, the envelope flut%er
boundary for the U-percent-thick blade turns back much more abruptly
than that for the 18-percent-thick blade; however, the envelope fl.utter
boundaries for both blades extend to a maximm Mach number of 0.73. In
both cases the individual flutter boundaries, for some blade-pitch-angle
settings and at Mach numbers above the Mach number at which the turnback
occurs, do not tend to coincide with the respective envelope flutter
boundaries but rise more steeply. This effect is noted for the
18-percent-thick blade at pitch-angle settings of 11.3°, 16.1o, and
20.1°, aU of which are lower than the angle for minimm flutter speed
Coefficient. For the 12-percent-thick blade, the effect is evident at
a pitch-angle setting of 21.7°, which is greater than the @e ,atwhich
the minimum flutter speed coefficient occurs. In this case, the flutter
boundary turns back before the envelope flutter boundary is reached.
The existence of flutter boundaries which lie within the envelope
flutter boundaries is a beneficial effect of Mach nuniberover and above
that exhibited by the envelope flutter botiaries themselves.

Section center-of-wavity location.- The effect of chordwise
center-of-gravity location on the turnback of the flutter boundaries
for different pitch-sngle settings is shown for the 18-percent-thick
blade by a comparison of figures 1.2(a)sad 12(b). The data indicate
that the turnback of the individual flutter boundaries for the higher
pitch angles occurs at lower Mach numbers for the blade having the
forwsrd center-of-gravity location. Hs trend of the flutter bounda-
ries indicates that an increase in hkch number results in a resrward
shift of the center of pressure, the effect C$ which is apparently
greater at hi@ pitch sngles. Inasmuch as the forward chordwise center-
of-gravity location is near the qusrter chord, (about 28.0 percent),
on3y a slight rearward movement in center of pressure is necesssry to
alter appreciably the blade torsionsl nmments, and therefore it _ars
logical that this effect would be more pronounced at the forward loca-
tion of the center of gravity as indicated by the data. The flutter
data for the 1.2-percent-thickblades do not indicate the same trend.
It is possible that there is a smaller effect of Mach nwiber on the
location of the center of pressure for the thinner blade.

Design Criterion

A sumary of the data presented herein indicates a possible design
criterion that may be used to select helicopter blades which can be
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operated flutter-free throughout the subsonic speed range. The nature
and significance of this tentative criterion may be better understood z
by a discussion of the manner in which it is derived and of the blade
parameters involved.

Maximum Mch number a{ flutter.- An analysis of the data presented
in table II, a portion of which is plotted in figures 11 and 12, shows —
that the over-all Mach number effect was such that, for the blades
tested, if flutter did not occur at a tip Mach nuniberless than about
O.~, it would not occur at any tip Mach number up to a value slightly
greater than unity, the limit of the tests. The fact that the flutter
boundary occurs at a tip Wch number of about O.~ may be associated
with local supercritical flow conditions and to the resrward movement
of the center of pressure which is a stabilizing condition. Some evi-
dence of this is shown by the blade-twist data presented in the appendix.

Derivation of flutter parameters.- The operating line on a flutter
plot of the type shown in figures U and U is a straight radial line

—

from the origin, the slop of which is inversely proportional to the
.

dimensionless flutter parameter (%k)d** A particul.aroperating

line is shown in figure U(a). The extent to which a blade will be
subjected to flutter as the rotor speed is increased depends on the
slope of the operating line and the blade pitch sngle. As the slope of w
the operating line is decreased, or conversely, as the flutter param-

.

(
eter b~/c)~’ is increased, the ranges of pitch angles and speeds P

wherein flutter may be obtained gradually decrease and disapyear when
the operating line becomes tangent to the envelope flutter boundary.

Thus the flutter parameter (b~/c)~~ is significant in flutter

studies. Its magnitude may be varied by vtiying the blade chord, blade
torsional frequency, or testing medium. Generally, values of the blade

.

chord and torsional frequency me to some extent under.the control of
the designer. However, it is sometimes more convenient from a research
standpoint to vary the testing medium as was done in the Tresent ..
investigation.

h order to demonstrate more clesrly the effect of the flutter

parameter (b~/c)[~ orIthe flutter of the model blades, the data of

figure n(a) is first cross-plotted as sh~ in figure 13. This is
accomplished by tiawing a series of radial or operating lines from the

origin of figure I-1(a),each of which has a slope of const~t (b~/c)~~. ‘

@on intersection of a particular radial line with the flutter curve for
a given pitch-angle setting, the value of the tip Mch number is noted.
The mean twist for the pitch-amgle setting is then obtained from table 11.
Assuming a line= radial distribution of twist, the twist at 0.8R 1s

Y“
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calculated and added algebraically to the pitch-angle setting to obtain
i the actual pitch sngle at 0.8R at flutter. The Mach number at flutter

is then plotted against the corrected pitch-angle setting (000~)c for

the various constant values of (b~/c)~ as shown in figure 13. The

Mach nuniberat flutter is then replotted as shown in figure 14 as a

function of the flutter parameter (b%/c)~~- for vsricw pith

angles . The lower or envelope flutter lmun~ is simply a transfor-
mation of the envelope flutter boundary of figure U(a).

Discussion of design criterion.- The presentation of the data in
the form of figure 14 permits a more rational evaluation of the role of
some of the parameters on the envelope flutter boundary, and facilitates
the discussion of the flutter region in terms of the flutter parameter

(~%p)~~. The figure shows that there is a maximum value of

(b%fi)~~” above which no flutter was obtained for tests up to a tip

Mach number slightly greater than unity, and this value is termed the
critical value. Thus a possible criterion for stall flutter is indi-
cated. Since, for practical applications~ the sound speed is a con-
stsnt, it may be possible for bkdes having a value of b% greater

than the value corresponding to this critical value to be operated
flutter-free throughout the pitch-angle and l&ch number range.

4

In order to facilitate a comparison of the results in terms of the
flutter parameter for various blades having different thickness, chord-
wise center-of-gravity location, and structural damping, the data pre-
sented in table II were plotted and cross-plotted as discussed in the
previous para~aphs to obtain envelope flutter boundaries similar to the
one shown in figure 14. The resulting envelope flutter boundaries are
shown in figure 15. The critical values of these envelope flutter
boundaries sre replotted in figure 16 as a function of structural

dsmping. Data are also presented showing critical values of (b~/c)~

for the propeller of reference 2 and the wing of reference 3.

There are no apparent effects of chordwise center-of-gratity loca-

tion or thickness on the critical values of (b~.c)~~; There is,

however, an upward trend of the critical values as the torsional damping
is reduced, and, on the basis of tQese results, a design criterion can
be stated, namely, that helicopter blades having values of structural
damping above 0.03 should be able to operate completely flutter-free if

the value of the design psrsmeter (bu@)~~ is greater than 0.3.
k
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The critical values of (b~/c)~~ for the wing and propeller results

as shown in figure 16 sre appreciably higher thsn those for the heli-
copter blades tested, but the structural dam@ing coefficients for the
wing and propeller were much smaller than those for the helicopter
blades. Structural damping appears to have considerable effect on the

critical values of (b~/c)~, but no conclusion can be drawn com-

paring the propeller and wing flutter criterion to the helicopter-blade
flutter criterion since the ,kngth-to-chord ratio as well as section
thickness ratio for the helicopter blades were much higher than for the
wing and propeller.

It should be emphasized that the results reported herein apply
specificalQ to the hovering case and may not be valid for conditions
of forwsrd flight.

CONCLUSIONS

The results of an experimental flutter investigation conducted in
the Langley vacuum sphere flutter test apparatus to determine the
effects of vsrious parameters including l.kchhumber on the flutter of
some model helicopter rotor blades indicates the following conclusions:

●

e–

—

!?

1. Forward movement of the chordwise center-of-gravity location
raised the flutter speed coefficient at low pitch angles, but had
relatively little effect on the flutter speed coefficient at high pitch
angles.

2. The minimum values of the flutter speed coefficient increased
with increases in the torsional structural dsmping coefficient.

3. At a given Mach nuniberaudblade-pitmh-angle setting, flutter
occurred at essentially constant dynamic pressure at densities ranging
from 0.001.2to 0.0030 slug per cubic foot. This was observed at all 1:
pitch angles up to the singlecorresponding to minimum flutter speed I

coefficient.
1 -;

4. At blade pitch angles below the stalJ angle, the flutter speed
coefficient decreased as the Mach number was increased up to a certain
value of Mach number, above which the flutter speed coefficient increased
rapidly. The initial reduction disappeared at pitch angles near the
stall angle.

5. For the blades tested, if flutter did not occur at a tip Mach M
number less than On, it would not occur at any tip Mach number up to
slightly greater than 1, the Mmit of the tests.

w
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6. A tentative design criterion based on the particular tests
covered is presented. This criterion implies that helicopter blades
having values of the torsional structural dsmping coefficient greater

than 0.03 and the design flutter psrsmeter (b~c)~’ abov@ 0.3

should be able to operate completely flutter-free. ‘(b =blade half-
chord; ~ = natural first torsional frequenay; c = speed of sound.in

testing medium; p. = standard density; and p = operating densi~.)

Langley Aeronautical Laboratory,
National Advisory Conrnitteefor Aeronautics,

Langley Field, Va., May 5, 1953.
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APPENDIX

.

A BRIE!?STUDY OF BLADE TWIST!AS INFLUENCED BY BLADE PITCH

JINGIE,DYNAMIC!PRESSURE, FLUTTER AND DIVERGENCE,

AND MACH NUMBER

Ihasmuch ss the flutter characteristics of the blades tested were
found to be dependent on the blade pitch angle, it was of interest to
obtain some over-all indication of the manner in which blade pitch angle
was altered by blade twist. Perhaps of greater importance though is the
fact that the blade twist is a good qualitative index of the chordwise
location of the center of pressure, which appears to have considerable
influence on the flutter characteristics of the blades. Figures 17
and 18 present some experimental measurements which show the blade
twist, measured at the tip, for a 1.2-percent-thickblade with the chord- ““ -
wise center of gravi~ located at 37.3 percent chord. Figure 19 pre-
sents a comparison of experimental and calculated values of blade twist
at a low pitch angle at rotor speeds approaching the blade divergence
speed. Figores 20 and 21 show soresexper-_ntal results, tabulated in
table 111, as to the effect of tiy Mach nuniberand divergence on blade .

twist.

Twist at Iaw Tip Mach Numbers

Some causes of blade twist.- The data points presented in figure 17
were obtained by varying the density at constant rotor speed to ellmi-
nate the effect of Wch nmber on twist. h addition to the aerodynamic
forces and nmments which produce twist, there are also body forces and
moments due to the spanwise and chordwise components of the centrifugal
acceleration of the blade mass particles, references 10 and U. The
spanwise components result in so-called “ribbon forcesttwhich tend to
minimize blade twist in eitiherpositive or negative directions. The
resulting moments are directly proportional to the blade twist and are,
therefore, negligible if the twist is negligible. The chordwise com-
ponents produce moments which are proportional to the sine of twice the
pitch angle, the direction of which is such as to restore the pitch
angle to zero. If these moments are significant for the blade in ques-
tion, they should show up at the high pitch angles and would result in
negative blade twist at zero density. The data presented in figure 17
for pitch angle settings of 15°, 17.5°, and 20° indicate that the twist
at zero density is nearly zero (as shown by the dashed lines). Since
this appesxs b be true for high yitch angles, it seems reasonable that
the curves for low pitch singleswould follow the trend indicated by the

u
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twist at zero density. Thus, it is con-
tie effects of centrifugal forces on Klade

twist are small compared to the aerodynamic forces.

Effect of blade pitch sn@e.- The data also show that as the pitch
angle is increased from zero, the angle of twist, at a given value of
dynamic pressure, also increases. This trend continues, as shown by
the cross-plotted data of figure 18 until the pitch angle approaches
approximately 15°, whereupon further increases in the pitch angle result
in a reduction in twist. As the pitch angle approaches an singleof 25°,
the blade twist is zero, indicating that the center of pressuxe has
moved resrward smd has become coincident with the center of gravi~. As
the pitch angle is further increased, the center of pressure apparently
moves rearwsrd of the.center of gravity and the twist becomes negative.

With the exception of the blade-pitch-angle setting of 5°, the
meximum value of the dynamic pressure for each blade-pitch-angle setting
of the curves in figure 17 is slightly less than the @mmic pressure at
which flutter occurred. No flutter was obtained at the blade-pitch-
sngle setting of 5°; however, the curve does show a tendency toward
divergence. The limiting value of the dynsmic pressure was due to the
limit on the rotor speed imposed by centrifugal stresses. If flutter
had occurred, it is likely that, at this relatively low pitch angle, it
would have been of the classical bending-torsion ~.

Theoretical prediction of twist and divergence.- An attempt is made
in the following paragraphs to show how the theory of references 7 and 9
may be applled to predict the divergence tendency exhibited by the blade
in figure 17 at the 5° pitch-angle setting. The theory is advsnced in
reference 7 that the dynsmic-stiffness axis msy be taken as the center
of gravity of the section snd the divergence speed will be a.~roximately
eqti to the cbssical flutter speed. The approximate classical flutter
speed coefficient for a heavy wing with a low bending-to-torsion fre-
quency ratio (a condition which is met by the rotor blade under con-
sideration) was derived.in reference 9 and repeated in a more convenient
form in reference 7. Assuming that the effective valocity is the
velocity at 0.8R, the flutter speed coefficient ~ be written in the
nmdified form as follows:

VO.8R p ‘~2

[J

1/4
— —=—
b% P. ~. Xcg - 1/4

(1)

where the subscript o is used to designate standard atmospheric
conditions.
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By substituting the appropriate values from table I for blade 3(r)
into equation (l), the critical ValUe of (VOo8R~)~’ was deter-

mined to be 6.1 which indicates that the classical fl”utteror divergence
speed coefficient of the blade was just slightly greater than the maxi-
mum value shown in figure 17.

According to reference 7, for small pitch angles the ratio of blade
twist at successive dynamic pressures (designatedby subscripts 1 and 2)
may be expressed as

‘l/qcr

q~
-—

A~l 1 %
—=

‘2 %~cr

(2)

—

1-

flutter or divergence. Inasmuch

of blade twist for corresponding vslues of the flutter speed coefficient

becomes, after substitution of the Critical values of (V0.8+~)2(P/Po),

(A@2= (Aet)l (3)

.

where the constant 37.2 is the sqysxe of the critical value of the
flutter speed coefficient as previously determined from eqyation (1)
for the particu~ blade under consideration.
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Comparison of theory and - eriment.- Figure 19 presents a com-
parison of some theoretical and experimental values of blade twist as a

u– function of flutter speed coefficient as the calculated divergence speed
is approached. The curve of measured twist against flutter speed coef-
ficient shown in figure 17 for a blade-pitch-angle setting of 5° is
repeated along with two calculated curves, one of which is obtained
from equation (3) and the other based on the assumption that the twist
is directly proportional.to the dynamic pressure, that is,

[)]
2

VO.8R P

b% ~
2

(f%)2 = (A’t)lr 1fv0.8R\2 P
II —1 —1

p-b) %1
L- ‘1

In both instamces, the initial values of blade twist
coefficient for the calculated curves sre assumed to

(4)

and flutter speed
be equal to the

experimental values of Aet = 0=61 ‘d ~0.8R~~)fi = 3* m ‘o

. experimental value of twist is available,the twist may be determined
from eqyation (3) of reference 7.

● A comparison of the three curves of figure 19 shows a definite
tendency of the blade toward divergence; however, the twist is not quite
as great as the theory pretictsj the theory being> in t~s case> some-
what conservative. This may be attributed partly to the increase in
blade stiffness arising from centrifugal forces and, perhaps, partly to
tiOktiOn of the small-~le ~tation of the theo~=

Effect of Tip Mach Number on Blade Twist

Figures 20 and 21 show the effect of the flutter speed coefficient
and blade tip I@ch number on the twist of a 12-percent-thick blade
operating in mediums having .differentspeeds of sound. The chordwise
center of gravity was located at 37.3 percent chord and the blade pitch
angle was set at 3°. The data are presented in tabular form in
table III.

Fisrure20 shows the blade twist as a function of the flutter speed
coefficient.

speeds show a

* from 3.5 to 4

*

The curves for the test mediums having the higher so~d

tendency toward divergence at a vake of (Voo~R/b~)~

whereas the curves at low sound speeds”show a turnback
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or reduction in twist, probably due to the effect of a rearward movement
of the center of pressure as a result of the increase in Mach number.
The effect of Mach number is more conveniently sham in figure 21 where

*

the blade twist, divided by the value of the flutter speed coefficient
at which it was obtained, is plotted as a function of the tip Mach

—

number.

The curves representing data at the higher sound speeds again show
a tendency toward divergence as discussed in the previous parsgraph.
Since this divergent tendency, as shown in figure 20, occurred at essen-
tially constsnt dynsmlc pressure in mediums having different sound
speeds, it occurs at different tip Mach numbers. As the sound speed is
progressively lawered, the divergence tendency disappears and a Mach
number effect becomes evident. As the Mach number approaches 0.73, a
turnback in the twist curves is shown and,indicates a reduction in twist
with further increases in tip Mach number. The Mach number at which the
turnback occurs is in agreement with the limiting Mach number of the
envelope flutter boundary of figure n(a), a fact which may indicate
that the rise in the value of the flutter speed coefficient at high Mach
numbers is partially due to a rearward shift of the center of pressure
as evidenced by a reduction in blade pitch angle.
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TABLE I.- C~ HTADB PARIWTEM

pub radwe, 8 inches;rotcm iadhe, 46 blChSSi;

1fla@ng binge radlue,2.5 ~nches

(a)NACA 239% eirfollsection

Blade number . . . . . l(r) 2(f) 2(r) s(f) 3(r) k(r)” ~(r)
Imgth,in. ... . . . y y y ~ ~ ~ y
Chord, in.......
x%) Prcmt choti . . 37.3 27.5 37.3 27.5 37.3 37.3 37.3
~, percent chord . . 26.5 25.0 . 26.5 25.0 26.5 26.5 26.5

GJ,lb-~n.2 . . . . . . 9,980 8,260 9,210 7,800 7,900 8,izLo 9,!?80
?31,lb-in.2 . . . . . . W& 25,30J 25,5W 24,300 24,x&I 24,% 24,%
%1) rQ*u/sec . . . llg

~, rti-lsec . . . %7
E9

319 331 364 m 327 327
~, radiana/sec. . . . 464 43!3 446 426 414 423. 464

m?. . . . . . . . . . 0.235 0.165 0.235 0.165 0.23 0.235 0.235
(l/K)o........ 78-0 78.0 78.0 78.0 78.0 78.0 78.0

Gil. . . . . . . . . . o.126 o.l@ O.uo 0.134 0.093 0.170 0.15

.2%. . . . . . . . . . 0.049 0.0$ 0.040 ------ 0.035 0.6 0.067

% . . . . . . . . . . 0.048 0.W3 o.~ O.cq 0.09 0.049 0.06?
+,sluge . . . . . . . 0J81 O.la 0.181 0.181 0.181 0.ml 0J81

Ir, slu&ft2 . . . . . 0.0055 0.0055,0.0055 0.GG55 0.0255”0.CC55 0.0035
u . . . . . . . . . . ., 0.o28 0.028 0.028 O.ca 0.028 0.028 o.ce8
7. . . . . . . . . . . 3.695 3.655 3.695 3.655 3.693 3.695 3.695

(b) IWA 23018 .drfoil section

Blade number . . . . . . 6(f) 6(rJ
4

7(r 8(r)
34

$)(r
Len&tih,lo. . . . . . . . ~ y
Chnrd, in. . . . . . . .
x%, percentchord . . . 28.0 36.; %.; 35.5 36.;
x~, wrmnt chord . . . 25.0 q.o, Zq.o q.o 27.0

GJ, lb-in.2 . . . . . . . 18,650 20,400 14,150
EI, lb-ti.2 . . . . . . .

16,950 16,950

59,1~ 59JOUI 57JW0 67,$mo 67,900
Qlll,radlane/sec . . . .

~, radians/see . . . .

1~ 1~.o I-80 3.80

477 458 454 488 488

~, redians/sec. . . . . 61J 616 %3 576 562

‘a. . . . . . . . . . . “ 0.168 o.ra6 0.22.6 0.216 0.2I.6

(l/K)o . . . . . . . . . 88.1 88.1 et!.1 88.1 88.1

go . . . . . . . . . . . 0.045 0.076 0.054 o.@l O.q$l

g% . . . . . . . . . . . 0.015 0.044 0.042 0.059 0.059

% . . . . . . . . . . . O.ca O.m O.& 0.054 0.224

~, slugs . . . . . . . . 0.181 0.181 O.uh o.181 0.181

Ir, slug-f+. . . . . . 0.0055 o.cq3~ 0.0055 0.0035 0.0255
u . . . . . . . . . . . . 0.028 0.028 0.028 O.ca 0.cQ8
7. . . . . . . . .. . . . 3.275 3=75 3.2’75 3.275 3.275

.

#

9

.
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0.433
.4!+1
.Jt37

1.004
.947

-93
;%

.644

.657

.693

:%

-v
Jm6
.443

.316

.362

.400
J@
.603

.604
&J

-543
.*
-@
.641

0.985
.65
.93
.$95

1.crJ5

1.OX
1SW
&.cJl.o
1.11o
1.02!9

1.028
.5=9
.*
.*

1.000
.9M

.979

.W

.ew

.753

.971

1.01.O
-93

~.g

:930
,8TL

.-@3

5.28

5.37
;.$

5:X

z:::
4.04
3.55
4.09

;;:

5.37
5.04
5.35

l?:?
4.92
5=9
3.42

3.4.6
3-77
3.99
3-%

2:E
4.I.9

?::
4.91
5.55
5.40

:::

4:X3
4.21

4.WJ
‘5,00
4-46
4.m
5.04
5.07

3.81
3.5$3
3.95
3.9
3.P

3.49
3.40
3.12
3.X
3,%
3.49
3.28

396

400
.-
.

—.

409
--

%
3135

4

v

1

1

—

2u8tainea
Ho flutterto vt

Sumtdm=a
Ho flutter ta Vt,
Ho fluttmr to Vt

Ho flu- t-clvt
EiJataind

Inb3raLt*
21&almd
au8mfl

* Sustainefl
k flutterto Vt

Su6talnd
lb flutter ta Vt

IiUOtAnal
SMtalma

Su3taima
oustMmYl
Sustd.nea
SuOklmd
2-mtdllea

Sustdned

SOstdmd.



TAPLE II.- TAsmAmm OF FLam!E2Ml!!A- Continlmi

ChamOttistlcs
of flutter

EACA S3012, blada 2(r) - mt*

4.3$
3.?3
4.33
J+.33
4.38

4.37

M
4.51
9.03

5.3’7
5.37
s.36

1628
699

R
P9

~
JM3

IJ.53

3

0.663
.496
.568
,56a

777

.597

.623

.339

:{$

.$+1

.441
MO

3.23
3.’iu
3.91

;;;

3.33
3.16
4.07

?:E

;%
3.98

2. 1
.?

:.d
2.*
E!.32

2.*
2.q
3.01
2.67
2.41

2.40
!?.33
2 .B
2,37
2.Z

fhmtdmsl
2u.stdned

2u9taimd

Su.staimil

sustained.
2LlEtai3ml

Ehutdned
sustained
8uE&mea

Ha mlttar ‘m V*
no Cluttar to v%

. ..-

16.2 .208
.231
.f!a~
.510
-470

.566

.613

.@@
:W&

AM

.m

.3X

.m
J@

2.58
Z?.ti

3.55
2.92
E.m

3.%
3.72

2:%
2.43

2.&
3.36
2M
2.P
3.45

6UA?.IIA
sus~
21L9tdmd

SuOtd.ma

Suotdllea

Sustatid
Sust-atid

Ho rlwttm? to Vt
2w+mlnea
Bu@MDml

SuEt.dnea
Suswnea

sucJ&inea
m@A.ned

.972

:%

:%

.*

.foy

.~E1

.S$Q

.99

J339
.@3
.99

:%

ho9
413
423
41.S
41A

o

418
437

404
4C6

bla
4&3

k’09
423\



EACA ~, blade 2(r) - cmcbled

v

14.3

* TOT of flnt- reglm.

o.~
.975
.9i5
AM
.W-3

.961

-w

:%
.594

:%
“&8
.8G
.*
.fEo
.@%

2.89

2.%

Q.B

;:2

3.11

5.19
3.06
3.,*
2.7-(

3.08
5.18
Y.lLl
3.21
2.%?
;.lJ

2.82
2.4’(
;.6-J

3:58

2.99
4.45

;:;
2.75

2,73

::$

‘w
2.58
2.81

mm 23012, Made 3(f)

O.gm
.97++

1.024
1.*
.976

.9-76
-w
.990
.9W

5.47

w
k.w
4.44

4.44
4.1o
4.07
h.25

L33
b.04
4.03
4.I.2

42a
423
423
km
kp

423

428
J+37
419

428

iii
ka

w
483
477
483

v

2u6t9ined
E!llmtainei

2uBtaine4

2u8t.dmhl
m rluttar ‘m Y*

8u8tdma

2u8t81ned
k flutter to Vt
10 flutter ta v~

Sm3taimd

2u9t81mBa

=%2=

:.



b 9

I

HAoA eywi, blPdO 3(f)- Concluded

Q .3%
J@
.404
.449
Ml

;?&

.&?

.Em

S.o Ml w 0.424

I r ,

‘T@ of fllrtk rO@n.

0.982
.$X31
.*l
.W
.726

:%

:%

am
.Xfr
.9W

:3
.*
.536
.’P-7

j3J

.67+

.*

2 .2!

2.’2.3
2.11
2.13

e.q!

2.eh

20 9
i2, 9

2.54

2.0.9

l.m

1.6

1.59
1.28

2.11

1.*

1.X

1.5U
1.37
1.36

HAM @lL?, w 3(r)

=E=

o .y

/

0.1
0
0

-.2

/

-1.2

Alfltdnal

BllOtalnl?d

2u8iab913

SlOtabnl

no flutter to Vt
hmaimd

●m8’tdmd
$Jmdm.d

2u8tain4
2u8tdnd
2uSta5n0d

2u0taM4

2uWaiwd
~lml
aus~

*au8wiM
Buataind
2u0~

Suntahed

, I

-=@?=Y



TAELE II.- 14mtATIoHoFFfmm2 DA!2A. ocmtinud.

I

EACA 23012, blade 3(r) - concLuLM

%nt.aimd
Su8talm?a
fhwt.ahea
2u6tahxi

Sl18talned
whka
2wStLdnea
me.tdmxi

●2uStdmd
m fl.utkr to ?t
Xofktt.ertavt

%Stdned
au6k3.n5i

4#

337
334

o.7a8

.:?!!
MO

O.&

:%

.9m

R
3.91
3.87

-

2.33
2A5
2.56
Zp
2.%

4.05
5.LL

2:;
3.35
2.75

2.56

4.36
3-77
3.?9
3.&l

4.5

J

2.0

I
1.4

.5

.3

J

ml

m

253

29+

R’

441

257

2e3

237
21.3

u-m

51a
515
515

520

w
53
530
m
525

%

.l@

.413

.428
J+%
-m

m671
.@
.8Y2
.49

.5X

.334

.257

.%Q

.?98

.*

.674

.tia

.628

:%

.*

.398

.736

.67

B
yJ

411

2-34
2.67
2.89

1.7$
!?.al

2.02

2.19

La
1.63

—
—
--

-.
-.

.130

.124
1.81-
1.63

2mstdnd17.5
20.0

24.0

J

1.(X3O

1.CQO -—

l.m
Lh2
1.1o

Su9telma

No flutter ta v~

.-.

28.0

32.0

X29
ml

w Looo
lam

.0

-.9

●!Cupof flutter r@cm.
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I

r.

HACA 23w?, blade k(r)

8,1
1.o.6
13.7
16.0
18.7

18.7
21..7
21..7
24.7

8.1
Im.6
Vj.0
l~mo
18.2

20.0

=:;
25.0

436

359
283

’219

167

169
152
160
l@

4-tin
384
e77
278
241

e35
233
242
3=

U52
1151

IJ.51
U-51
I-I-51
IJ-ql

0.293
.336

.I.87

.I.41

.111

.U2

.1o1

.I06

.109

0.975 4.97
.973 4.09
.975 3.19
.973 2.45
.974 1.90

.974 1.93

.974

.97+ x

.974 1.88
I I

I
1148 0.401
1139 ,338
I-M .243
1.141 .244
U47 .21.O

UA2 J2Q6
U42 204
1.145 .212
U.43 .281

4.P4
3.98
3.11
2.39

1.85

1.88
1.68
l.~
1.83

NACA 23M.2, bl-eide s(r)

0.976
.983
.982
.9&
.977

.%

.*

.978

.979

4.76
3.97
2.87
2.89
~.50

2.43

2.41
2.50
3.3Q

4,65

Ml
2.8
2.4i

2.38
2.36
2.45

3.25

3%
393
396
393
389

396
402
396
393

408
423
4.23
kl~
414

:%
414
-..

.

::;
3.2
2.1

1.0

1.0
0
0

-.7

I

6.5
5.8
3.1
3.1
1.3

.6

.6
0
0

Buatdnea

Wdalned
Ehletained
SuBtained
Suetalned

auetedned
Sustained
Suetalnml

Swtalnetl

Ehetained

Intermittent
Iutemnitten.t

EhlailXblea

Su9tiilled

Bllwbainea
Intermittent

Swtainea

Ho flutter to Vt

is
● ,



TAEx II.- !cAmumm wmlIrnm IM!cA-CmM.mnd

@o.&& v,
w )ft B(?C ft&m w, E % ‘%%! Z1.. ~

Chmcta5stica
of KIJxtter

W 230U3, blade.6(f)

16 %-r I.Ill o.3111 l.oo~ k .45 4.bg
383

69 1.4 WG-snrdttult

z 2 :% ‘E :2 ::! g

%nt.=mlttent
Intelzlittent

1.003
363 M .676

IntelTdttent
1.023 ~.&J 2.5U %nMtteut

429 606 1.ob6
362 606

3.37 3.55 677
:% 1.046 2.8$

+inwmlttAt

.%)
2.98 616 lh-ttmt.

R
.s% l.@g

640 .655
3-0! 3.34 w

1.099
Interudttenlt

4U m
;.g& M %hlwttit

.563 l.m ;2 6A7 In-ttent

440 m
422

.599 M&5
m

3.46 Lw 672 2uEtalnea

402 m
.573 .9f33 3.31 3.26 @a
.3W

mstsimd

4k6 8W
v m

.537
m .34J+

,;~ ;:: ;% g Ill@Mlttent

v M1’mittmt

18 41.8 ml .379 l.olg
Uol .M6

3.33
H

630 1.0 Sw5talnsd

z
.836 3.m 6s?.

ml
Swtnimd

w w
!2 w -!:2 H!

1.071.
3m N Lon z

&Et
latelTLttmlt

3$0 574 .sS= 1.031 2.67 2.S4
333

m
5* .!m+ I.@l

‘Illtemitt-snt
2.63 2.87 679

3?3 5*. .6X ;.og
~t&nt

M e
2.93 3.20 W *~tm

.557 z~ 3.1o w
3E9 62P .@? 1:1.34 3.1% 3.47 666 +EuWdned

422 629 .675
3$9 &2y

.* 3.2
2:? 2.6?J a

EtntOmit*

w Z
.gE1

1.Od?
Intxumittaut

v 3efJ
3.33

E ,539
P2 *mstalnetl

1.062 3.03 ;:2 647 v Slwt!lima

● !ropof fmtt.w reglnn. -’-&s-’
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w II.- TAKIIW!Im OF FUTTEII!MA -Cmtinued

ZIzE
M?an
tit,

W7

C’hB?actm’istics
of flutter

17AOAZ!301.8,blmle 6(f) - wntinued

0.464

:E
I.rl.l
.kp

.4%3
AM
.%9
.*1

.m

.579

.464

.473

.*

.491

.37-3
;%

.%

.461.

.467

.433

.4ti

.615

.460

.469

.X7

.407

1.J$

.*

.*

1.*
1.07-2

l.om
l.ml
.l.om
1.031

Z!.&

%
4.28
3.1o

3.17
3.2?
3.*
3.7Q

3.26
3.I.6
3.29
4.53
3.53

3.40
3.23
3.%J
3.71

6u9~
Mtermittent
%sW.nd

Ho fluttexta V*
Intermittent6.53

@a
637
6RI
&k

2u#ti?.ind
6uBt+dnmd

*Eltamittmt
%uahiimd

.

2.64

i%

3.96
Q.22

2J.6
3.28
2.25
2.33
2.53

Q.hl
2.44
2.%
2.40
3.ys

2.@
Z.n
2.44
2.66

2,qi
2.51
3.07
2.9
2.4

2.54?
eA6
E.42
2.6
~.Y

2.*
2.42
2.35
2.61.
3.5

2.54
2.59
2.61
2.33

S12n

IEo

%

g

g

654

664
664
664
735
733

735
735
830
8yJ

SlL9ttllnmi
Intal’mlt&lrG
Tntittalt

B’aetailld.
Sllataimd

%-llstaimua
EhMtd.ned
‘Sllntaimi
Sudela%d

rJt.9mdttmt

SutalmQ
Iht-emd.ttent
JmtAYrlnlt’tmlt

Sufrtahal
*sust.mJi.M

Interdttant

%rmrMittent’
&@aine4

mataimd

nl’17pof flutter IT@cm.
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TABU R.- !CAEWCICW O? FID13ER I14TA - Catinud

1
Hem
M*,

C’h?Lmctaastics

m
of flutter

1

NM.! 21U8, blade 6(f) - cm+mnted

0.293

.3=

.bm
l.lm
1.120

.Kll

.176

:%

.331

.*

.>17

.*

.256

.269
1.122

1.031
.$8

.*

.506
l.o~

la?
1.*
2.96

4.40
k.40

iii

mBtObed
Suntafmd

*su13talned
Ho fluttsr ta Vt
Ho flutter h Vt-“

.s9

l.q

LCQ7

.9%

.9%

.9%

:%
.998

1.C07
1.007
1.OIJ.

.996

l.’@

1.X
L93
1.81
2.03

1.*

1.71
2.~

1.*
L66

w

5131 0 I Ewta.ind

I._
1. Su8tained

6wtdnea
I%lOtnilleii

●21Mtdli?a
I%latahea

.%.9tnined
*2nstam

In%mm%at
Eustdneu

lTO flutter to Vt--

2a J-59 1.’/-(

3-47
3:47
3.47
2.04

2.03

2.04

1..97

2.06
2.26

1.76

3.27

3.51
3.54
2.03
2.3A

2 .o~

1.97

2.09

2.29 T
-,1 SvEtaLnd

-.9 Ho flutterb V+j
lb flutter to V~

m flutter to v~
Oumainea
21u3tdJh4

IntMdt&?nt
“ntbmfW!llt
nmcsm.tttmt

f$unt9in%a

.8713

.W2

.755

.229

.401

.4CQ
Z=&

.397

.94
Lou

10023
.996

1.056

l.~
l.~
1.o13
1.013

‘m
608
&Jo
595

I

●mqlof flutter l’egfau.



TABLE LI.- TmEATmn oFFIAmlnw-cmtinuea

(’0.8+

d.eg ‘? c’ ‘ E ~ ‘%$% Zb..3% .Sac ftjnec

EACA 23018, b- 6(r) - COllChlli@

50 305 723 o-~ 1.013 2.40

1

2.43 603
253 m .= L’w l,9g 2.01 61b
291 .371 1.CQ9 2-* 2.31

$J .408 1.009 2.72 2.54 :;
?8 .330 .9* 2.W 2.17 606

lWA 2301.8, blade 6(r)

m
5&l .5%7 1.o58 k.37

.631
z

1.083
.67o

5.17
:.0$

625
3,26

6@
-w 4.37
X&6 1:065 3.31.

g ‘ .676 1.066 3.47

683 g ;:% ;N
1.031

%-
3.66

.996 3.52

65 .686
* .667

.996 3.66

*
.937 3.57

.676 .95-I 3.61

m .6Q7 .996 3.47

* Top of flutt%rre#50n.

578
59
..-
5P

‘so

g

597

615
606

%

Mean

~
chme.ctsri8tlci3

of flutter

*.> %u13WIk?d

I
Intel%dttent

‘%ustdma
6m0taIb9a

6ue.~

mwa.ined
6u9&lnea

Sustqmel

m nutk tO vt

HO flutterto V*

%kmma
Ho flutterta Vt

%lstasnea
Ibflntmrta Vt

EuetEd.rd
●&6ta5Jlcii
mtahea

● 611st.dJMa

‘=

t .
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TA2m II.- !rAmLmKm OF FLmlm m - Cmthued

(’O.ER?),J ?’ rP ~ vl),~ p
I&C

Ik?l
w

r

WI ~8Ctil’iUtiOB
IISg l% Bec i%

—.

bfQ b% Po rdiems/eeu
Mt,

dlag
of flutter

HAM !wM, tdmln 6(r) - mnthued

L1.

I

\

● Tap of fluttar region.

O.m
.643
.679
.649
.6Tt

.643

:6J

.688

.654

+%1

:Z!
.636
.%%
.567

.3P

.336

.369

:~

.388

.724

.3W

.EG6

.623

0 .s96
.fil

.s9

.912

.91J2

.875

.877

.8~

.873

.’%5

1.083
Lou
.901

:@
,gk?

1.027
.975
w
.@3
.748

1.139
1.I.39
1.066
1.065
1.cx13

3.@
3.57
3.78
3.63
3.73

3.6I.

3.77
3+?

;:2

3.49
3.63
3.@
3.@
3.97
4a?

2.EQ
2.87

X
3.64

2.22
E.n
3.01
2.2g
e.~

3.&3
3.40
3.Ea
3.1
3.?2

3.15
3.26
3J.8
3.40

2.97

3.78
3.Ca
3.47
3.0
3.9i
3.79

2.9

2.&

2.&

P.m

2.72

2.53
3.11

E%
2.36

597

587
628

w

z

797
6?8
597
m
@

3.8a

v

2.0

/

‘Bwtdned
6wtimea

*2ustAnei

Sums.itwl
* WBtalned

8us%xkled
* EumainEd

6wtJ3iLA
* thlstalned

2u91mluml
auatatia

Ehwte.h?d
2mtatid
Bunt+xim?a
13w3takuM

SUBIAJM
8uEtl&r&

Swcnlned
ENstAJmd.
2u0tAn.4

B!Mte,illed
*8u9t.%ined
Sustained

*2uatafJ.l13a

Illtemittant



!eAmE II.- TAmwzon cr@mn!ml rAl!A-cmtimud
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TAmE n.- TAmLmmN cm FLwrl!m I14!cA- Cmtlnued

“17
* .

(~o.8R).J w, r~ vo.& VO.8R &
Mean

f’++ec ft~;ec w
[

~) Act, Characteristics

aeg Po % txQ P. raMane/Oec
aeg

of fluttir

IWA 23318, b- 6(r) - continued

m.1 272 495 o.55a 0.963 $!.L2 f!.04 6M? 0.7 ?EmEtaillcd
363 493 1.137 .%V 4.X 3.97 --- No rluttar to v~
2% 615 .461 .9% 2.21 2.0

339 615 1 a
met-a

;% .9X3 p.~ 2.4 %wtdned
295 615 .878 2.30 2.02 613 Inlmmittent

957 630 .W .833 4.34 3.61 --
252 627 .369

Ho flutter ta V*
1.074 1.81

Jt4y
1,9

627 z%
2ust8ined

.W 1.074 3.46 3.-E %1.mtained
249 6?7 .397 1.018 1.94 1.98 *
436 62-f .69!3

Sustainel
1.018 3.39 3.4s 597 %U6tainea

261 @7 .416 .9P 9.03 1.98 &
422 627 .678

2.uatainea

.97Q 3.31 J.21 W3ustainea
281 627 .448 .935 2.19 2.04

627
397 mstainad

.633 .935 3.W ~.m @5 %Wt8inea
2% E@7 .499 .W 2.= 1,99 597 SuEtalnea

%!2 627
6!27 :M :$% M ::% %

%ustainei
292 Sw’dnea

333 627
:?% ;E ;:?J 2.* g

2.27 %Wtainea
W 627 Suatainea
31.2 627 .498 .263 . 2@ 610 *8u6t8iuea

2&3 627 .461 .W 2.25 1.9 &13
268 .$8

Intermittent

.9V3 ~.@ 2.Q5 Sm SueWnea
281 % .%9 .*3 Q.u 2.06 593 auntuinei
301 7P .B1 .891 :.2 2.W

J+36
59 WEtti

770 ..937 . 2.LL 633 8u9tdn.ell

:
.7%

~~6 .%1 :!?2 ;:; ;:; 5W

m fluttlm h Vt,

v 4R2
z 8wtew

IJD6 .436 .&l . v owtaiMLi

*TOP of flutter region.



!cAEJlII.- 142ULWIOH OF Ha?i?m2 nM!A - Cmthued

(’o.8&J ~t f c, VO. E!R

-
film n jmc w.

E F ‘%%% ~~1= ~

Characteristics

of flutter
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TABLE III.- EFFK!T OF MACH NUMBER AND DIVERGENCE ON BLADE TWIST

[ 1NACA 23012 blade k(r); (eo.8R)~ = 5°; atmosphericdensity

VO.8R p
A.e~

c v%
r

Mt —— AOt
~ Po ‘0.8R P

F

——
b% P.

500 160 0.32 ~.83 0.5 0.27
24o .48 2.74 .47
320 .64 3.65 ;:? .85
360 .72 4.3-3. ~.; 1.00
400 .80 4.57 .96
440 .88 5.03 4:4 .88
k8a .% 5.49 k.o .73

565 la .28 1.83 1.1 .60
240 .43 2.74 .69
320 .57 3.65 ;:? .85
360 .64 4.11 4.3 1.05
&m .71 4.37 6.I 1.*

602 tio .27 L 83 1.0 ● 55
240 .40 2.74 1.8 .66
320 .53 3.65 2.8 :g
360 4.U 3.3
400 :$ 4.57 5.6 1.23

400 .67 %.01 4.0 al.~

440 .73 5.03 1.23
440 .73 ak.41 ::; al.H
k8Q .80 %.80 4.? al.02

713 160 .22 1.83 .7- :%
240 .34 2-* 1.2
320 .45 3.6 .52
400 .56 4.57 ;:2 1.14
420 -59 4.m 7.0 L 46

160 .14 1.83 .0 .44
320 .28 3.65 .52
400 .36 4.57 ;:2 1.14
480 .43 5.49 9.5 1.73

—— —
%nsity reduced to 0.77 atmosphere. ~fi~
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Figure 4.- Mean section lift coefficient for the NACA 23012 and 23018 blades
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lated by Glauert’s methd, ref. 6, based on a blade element located
at o.~. ) cs= 0.028.
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